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Abstract
The increasing atmospheric carbon dioxide concentration, caused by fossil fuel combustion and deforestation, plays an 
important role in plant growth and development.  Wheat, as a major staple crop, adapts to climate change by tuning its in-
herent molecular mechanism, which is not well understood.  The present study employed the RNA-Seq method to generate 
transcriptome profiles of the wheat Norin 10 in response to elevated CO2 in comparison with ambient CO2.  The 10 895 787 
high-quality clean reads of Norin 10 were assembled de novo using Trinity (without a reference genome) resulting in a 
total of 18 206 candidate transcripts with significant BLAST matches.  GO enrichment analysis of Norin 10 at different CO2 
concentrations showed that some functional genes related to plastids, precursor metabolites, and energy, thylakoid and 
photosynthesis were apparently enriched at elevated CO2 (550 μmol mol
–1) in contrast to that at ambient CO2 (400 μmol 
mol–1); these findings were further confirmed by RT-PCR analysis.  The findings demonstrated the specific effects of ele-
vated CO2 during long-term period in free air CO2 enrichment (FACE) on transcriptome response of the high yielding wheat 
variety, Norin 10, which has a large spike.   
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important role in balancing carbon dioxide (CO2) change 
(Kole et al. 2015).  The mechanism of how CO2 as an 
essential factor during photosynthesis, influences plant 
growth and development is well-studied (Wang et al. 2013). 
However, the long-term response of wheat to increasing CO2 
concentration and the use of its genome and transcriptome 
information to increase yield in stress environments such 
as global warming and climate change remains an open 
question (Ling et al. 2013; Luo et al. 2013; Jia et al. 2013). 
A proper strategy and techniques for the economic breeding 
and cultivation based on our understanding of the molecular 
mechanism of wheat are critical to ensuring food security 
uring global climate change.   
Plant response to an increase in CO2 concentration has 
been the target of many research investigations.  Short-term 
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1. Introduction 
Wheat is a major staple crop and a leading resource of 
vegetable protein in the human diet worldwide; it plays an 
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(minutes to hours, e.g., up to 80 h) exposure of C3 plants 
such as wheat, at enriched CO2, results in an increase in 
the rate of CO2 assimilation (Sage et al. 1989; Long et al. 
2004; Dahal et al. 2012).  This stimulation of photosynthesis 
in wheat is because of two major reasons.  One reason is 
that the carboxylation velocity of RuBisCo (ribulose-bisphos-
phate carboxylase) cannot reach the maximum under the 
current atmospheric CO2 concentration.  Thus, an immediate 
increase in carboxylation velocity is desirable in response to 
enriched CO2.  The other reason for photosynthesis stimula-
tion in wheat is that the elevated CO2 competitively inhibits 
photorespiration because CO2 is a competitive inhibitor of 
the oxygenation of RuBP (ribulose-1,5-bisphosphate) by 
RuBisCo (Long et al. 2004).
However, long-term (weeks to months) exposure to 
elevated CO2 leads to the photosynthetic acclimation mech-
anism that causes a decrease in the photosynthetic rate 
(Sage et al. 1989; Drake et al. 1997).  Several hypotheses 
were proprosed for this mechanism including the feedback 
restraint on photosynthesis caused by carbohydrate de-
posits (Drake et al. 1997) and redox signals arising from 
the plastoquinone pool and the accumulation of hydrogen 
peroxide (Bräutigam et al. 2009).  Moreover, decreased 
RuBisCo content and activity induced by levels of RuBisCo 
subunit mRNA (Kawaguchi et al. 2004); and the change in 
stomatal states (Woodward 1987; Hetherington and Wood-
ward 2003; Engineer et al. 2014) have also been implicated 
in photosynthetic acclimation.  
Recently, there is a progress made regarding wheat gene 
expression under elevated CO2 and other stress conditions 
using microarray and EST (expressed sequence tag) meth-
ods (Barah et al. 2013).  For example, the expression of 
genes affected by elevated CO2 was three times higher in 
non-acclimated as compared with cold-acclimated Triticumm 
aestivum cv. Norstar at either ambient CO2 or elevated CO2 
(Kan et al. 2013).  The molecular mechanisms related to 
enriched CO2 in wheat in high yielding condition remain 
unclear.  Investigating gene expression and regulation at the 
transcriptomic level will provide deeper insights into the rela-
tionships between gene expression and physiology process 
and yield traits likely in wheat adaptation to elevated CO2. 
In the past half century, Norin 10, a classic variety during 
green revolution, has played an important role in breeding 
work of the wheat with two important genes, Rht1 and Rht2, 
resulting in reduced-height wheat (Reitz and Salmon 1968). 
Wheat varieties with genes Rht1 and Rht2 have greater 
production potential and stronger climate adaptability when 
compared with traditional wheat (Borojevic 2005).  At high 
atmosphere CO2 concentration (550 ppm) of a free air CO2 
enrichment (FACE) under high yield conditions, the yield of 
Norin 10 (positive response type) increases by 13.5% as 
compared with that at 400 ppm CO2, which is higher than 
the others in the same experiment study (Han et al. 2015). 
However, the yields of a few varieties during those enriched 
CO2 condition were reduced (negative response type) while 
yields of some varieties showed no significant change.  A 
better understanding of difference of gene expression and 
regulation at the transcriptome level among different kinds 
of wheat genotypes responding to CO2 is an invaluable 
and a long term goal.  One of our objectives in our projects 
is to understand how high yielding varieties or genotypes 
of wheat (representative response type with a large spike, 
Norin 10) have increased yield under enriched CO2 condi-
tion.  De novo RNA assembly approaches are necessary 
to help explore gene expression profiles and key pathways 
in wheat underlying this type of “susceptible” responses 
to elevated CO2, before wheat whole genome references 
become available.
In this paper, we report the results of the profiles of 
relatively high-level expression genes and pathways in 
Norin 10 as the positive response type to different carbon 
dioxide concentrations (ambient carbondioxide, denoted by 
ANL10, and elevated carbon dioxide,denoted by ENL10) in 
2009–2012 FACE experiment results.  This  was continued 
from a previous project by Han et al. (2015).  By combining 
Trinity software and Blast2GO software, we first reconstruct-
ed the rough transcriptome of the flag leaf after anthesis in 
Norin 10, containing 24 924 sequences.  Then, we analyzed 
the species distribution of the top blast hits for Norin 10 
and the distribution of gene ontology (GO) terms.  These 
results indicated that our assembled transcriptome is well 
consistent with the species of wheat and can well represent 
the character of wheat.  After confirming the validity of our 
assembled transcriptome, we conducted the GO enrichment 
analysis for NL10 and ENL10.  The enriched GO terms of 
ANL10 and ENL10 showed that none of the enriched GO 
terms for ANL10 were over- or under-represented, but 
ENL10 had the overrepresented GO terms.  We also im-
plemented the differential expression analysis using EdgeR 
to identify the differentially expressed transcripts between 
ANL10 and ENL10.
2. Materials and methods
2.1. Wheat field cultivation and FACE experimental 
design 
The FACE method was fully described in Han et al. (2015). 
Briefly, more than ten cultivars of wheat (Triticum) were 
selected, including Norin 10.  Three field replicates under 
high yield conditions (ternary rings×2 experimental runs) 
were differently acclimated to 550 μmol mol–1 of elevated 
CO2 concentration as compared with 400 μmol mol
–1 of CO2 
concentration for more than two years (>1 generations) 
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under a continuous temperature level of 0.5–0.7°C which 
was higher than that in ambient condition.
2.2. Sampling of flag leaves and extraction of total 
RNA, and library preparation for sequencing
Wheat samples (4 days after flowering) were collected 
in liquid nitrogen in two different CO2 conditions: ambient 
((400±16) μmol mol–1) and elevated ((550±17) μmol mol–1) 
carbon dioxide (CO2) denoted as ANL10 and ENL10 re-
spectively.  After extracting the total RNA from the samples, 
mRNA of eukaryotes was enriched by using the oligo (dT) 
magnetic beads and by removing rRNAs from the total 
RNA.  After adding the fragmentation buffer, the mRNA was 
interrupted to short fragments; then the first strand cDNA 
was synthesized by random hexamer-primer using the 
mRNA fragments as templates.  Buffer, dNTPs, RNase H, 
and DNA polymeraseI were added to synthesize the second 
strand.  The double strand cDNA was purified with QiaQuick 
PCR Extraction Kit (Qiagen, Germany) and washed with 
EB buffer for end repair and single nucleotide A (adenine) 
addition.  Finally, sequencing adaptors were ligated to the 
fragments.  The required fragments were purified by agarose 
gel electrophoresis and enriched by PCR amplification. 
The library was sequenced using the Illumina HiSeq 2000, 
Beijing Genome Institute, China.
2.3. De novo RNA-Seq assembly
De novo assembly of the transcriptome was performed 
from the RNA-Seq clean data (after quality and adaptor 
trimming) for the two “pooled tissues,” corresponding to the 
two samples.  The release of Trinity (February 25, 2013)
was used for assembly.  The raw reads formatted as ‘.fq’ 
were assembled into transcripts using the Trinity program 
‘Trinity.pl’, which outputs the FASTA-formatted sequences. 
The number of transcripts, components, and the transcript 
contig N50 value for the transcripts were calculated by the 
Trinity program ‘TrinityStats.pl’.  The N50 value is useful for 
confirming the assembly succeeded.  Transcript abundance 
estimates were obtained by running RSEM (RNA-Seq by 
expectation-maximization) separately for each sample. 
RPKM (reads per kilobase of exon model per million mapped 
sequence reads) mapped for RNASeq in single read was 
used to normalize the abundances of transcripts.
2.4. Differential expression analysis by EdgeR
To estimate differential transcript expression between ANL10 
and ENL10, we relied on tools from the Bioconductor project 
for identifying differentially expressed transcripts (Anders 
and Huber 2010; Wang et al. 2010) such as EdgeR (Rob-
inson et al. 2010).  Because the Trinity software suite (Haas 
et al. 2013) includes easy-to-use scripts that leverage the R 
software to identify differentially expressed transcripts, we 
employed the Trinity program ‘run_DE_analysis.pl’ to output 
differentially expressed transcripts including fold-change and 
statistical significance values, and generate visualizations 
such as MA-plots, volcano-plots, correlation plots, and 
clustered heatmaps in PDF format.  Finally, we performed 
hierarchical clustering to group together transcripts with 
similar expression patterns across samples, which were at 
least 4-fold differentially expressed (|log2FC|≥2) with a false 
discovery rate (FDR)≤0.001.  In this analysis, we focused 
on the transcript clusters that exhibited different trends for 
ANL10 and ENL10.
2.5. GO annotation and enrichment
The total gene sequences were functionally annotated by 
performing a BLAST search using the BLASTX algorithm in 
the version of PRO Blast2GO software with an expected P 
value of 1.0E–3 and high-scoring segment pair (HSP) length 
cutoff of 33 against the non-redundant (nr) protein sequence 
database.  The 20 most significant BlastX hits per sequence 
were saved.  Then, a mapping step was used to collect GO 
terms associated to blast hits.  Finally, the annotation step 
was used to assign functional terms to query sequences 
from the pool of GO terms gathered in the mapping step. 
The functional assignment was based on the GO vocabulary. 
The enrichment analysis was conducted with the help of 
the PRO Blast2GO software, which employs the Fisher’s 
exact test and corrects for multiple testing.  The GO terms 
under- or over-represented at a specified significance 
value could be obtained.  In this analysis, because ANL10 
and ENL10 are two samples of Norin 10 at different CO2 
concentrations, we used the total transcription sequences of 
two samples as the reference set to perform Fisher’s exact 
test.  The sequences of ANL10 and ENL10 were used as 
the test sets.  GO terms with a P-value less than 0.05 were 
considered to be significantly different and enriched.  
2.6. qRT-PCR analysis of wheat transcripts
RNA was isolated using the RNAprep Pure Plant Kit (Tian-
gen Biotech, China), first-strand cDNA synthesized from 
total RNA using a FastQuant RT Kit (with gDNase) (Tiangen 
Biotech, Beijing) and RT-PCR performed using the SYBR 
Premix Ex Taq (TaKaRa, Japan).  RT-PCT was conducted 
in QuantStudioTM 7 Flex Real-Time PCR System (Thermo 
Fisher Scientific, USA).  Relative expression was calculated 
using 2–ΔΔCT method with GAPDH as a housekeeping gene 
control (Livak and Schmittgen 2001).  The details of primer 
sequence information were shown in Appendix A.
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3. Results
3.1. Transcriptome assembly and quality assessment
The mRNA from wheat (Norin 10) flag leaves (4 days 
after flowering) subjected to CO2 were isolated and se-
quenced, and the transcriptome at the above conditions 
was assembled in the absence of high quality annotated 
genome in 2009–2012.  The transcriptome had 10 895 787 
clean raw reads.  In de novo RNA-Seq assembly, we 
used Trinity, following the protocol of Haas et al. (2013), to 
assemble 5 752 394 clean reads at ambient CO2 (ANL10) 
and 5 143 393 clean reads at elevated CO2 (ENL10).  As 
a result, the assembled transcriptome contained a total of 
24 924 high-quality transcripts and 437.54 average contigs 
with an N50 of 490 bases for ANL10, and 436.73 contigs 
with an N50 of 497 bases for ENL10 (Table 1).
3.2. Analysis of differential transcript expression
We aligned clean reads from DNA-Seq of ANL10 and ENL10 
to their Trinity transcripts with the RSEM software bundled 
with the Trinity software (Haas and Zody 2010; Li and Dew-
ey 2011; Martin and Wang 2011; Barah et al. 2013; Haas 
et al. 2013), estimating the number of RNA-Seq  fragments 
mapping to each Trinity transcript including normalized ex-
pression values as RPKM.  The identification of differentially 
expressed transcripts between a pair of samples was de-
termined by comparing the relative transcript abundance of 
each sequence between ANL10 and ENL10.  We identified 
that 10 092 transcripts were significantly up-regulated (the 
RPKM value for ENL10 is larger than that for ANL10), and 
238 transcripts were down-regulated for Norin 10 (Fig. 1).
3.3. Functional annotation
We annotated these sequences of candidate transcripts for 
function using the NCBI blastx program using the nr data-
base from NCBI with the help of the Blast2GO suite (Conesa 
et al. 2005; Conest and Götz 2008), and scaffolds with a 
significant blast hit were annotated for molecular function, 
biological process, and cellular component.  Of these, 20 750 
sequences with significant blast hits and 18 206 sequences 
with functional annotation, which accounted for 83.25 and 
73.05% of total sequences, respectively, were obtained 
(Table 2).  The assembled sequences were well-annotated. 
To initially assess the annotation in Norin 10, we present 
the distribution of the top-hit species of sequences in Fig. 2. 
A majority of hits were consistent with genes from other 
Gramineae plants such as Aegilops tauschii (6 621 top-hits), 
Triticum urartu (4 846 top-hits), Hordeum vulgare (4 375 
top-hits), Triticum aestivum (2253 top-hits), Brachypodium 
distachyon (1 055 top-hits), and Oryza sativa (383 top-hits). 
The high top-hits with Aegilops tauschii indicated that the 
assembled sequences of Norin 10 indeed represent the 
characters of wheat.  The top-hit species distribution con-
firmed the validity of our assembled sequences.
3.4. GO enrichment analysis
We then analyzed the distribution of functional genes.  The 
GO analysis (Ashburner et al. 2000; Conesa et al. 2005; 
Conest and Götz 2008) showed that 18 206 genes were 
termed from the component ontology.  The distribution of 
GO terms at level 2 is shown in Fig. 3.  Analyzing cellular 
component, 70.44% of the genes were clustered into the cell, 
followed by organelle (62.63% of 18 206 genes).  Moreover, 
17.40% of the genes were classified into a macromolecular 
complex.  Molecular function analysis showed that most of 
the molecular function was binding with 8 852 annotated 
genes (48.62% of the genes); this was followed by catalytic 
activity (with a slightly smaller value 8 588 of annotated 
genes, 47.17% of the genes).  After analyzing the biological 
processes, we found that 57.46 and 57.03% of the genes 
were related to the metabolic, and cellular process asso-
ciated with photosynthesis and others, followed by single- 
organism process (42.83% of the genes).  Of these genes, 
response to stimulus occupied about 14.61% of the genes. 
To investigate the kinds of GO terms that are statistically 
significant among different levels of CO2 concentration in 
Norin 10, we carried out the GO enrichment analysis on 
sequences of Norin 10 at ambient (ANL10) and elevated 
(ENL10) CO2.  The set of 24 924 sequences were set as 
the reference set.  Of these sequences, the sets of 13 147 
sequences for ANL10 and 11 777 sequences for ENL10 were 
used as the test sets for the comparison with the reference 
set, respectively, aiming at the statistical assessment of 
significant differences in GO term abundance between these 
two sets of sequences.   
The GO enrichment analysis on the set of sequences 
for ANL10 and the reference set showed that there was 
Table 1  De novo assembly statistics1)
ANL10 ENL10
Total assembled reads 5 752 394 5 143 393
Gene number 12 959 11 574
Transcript number 13 147 11 777
Percent GC 49.7 50.11
N50 490 497
Median contig length 306 306
Average contigs 437.54 436.73
1) ANL10, ambien dioxide dioxide; ENL10, elevated carbon 
dioxide.
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Table 2  Annotation statistics
Type Total sequences With InterProScan With Blast hits With mapping With annotation
Number of sequences 24 924 24 924 20 750 18 830 18 206
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for comparing transcript expression profiles between the exponential growth and plateau growth samples from Norin 10 are shown. 
A, MA-plot for differential expression analysis generated by EdgeR.  MA-plots are used to study dependences between the log 
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Fig. 2  Species distribution of the top BLAST hits for Norin10.
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Fig. 3  Gene ontology (GO) classification annotated for the assembled genes in the cellular component, molecular function, and 
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no over- or under-represented GO terms for ANL10.  No 
functional classes differed statistically between the set 
for ANL10 and the reference set.  However, Norin 10 (at 
elevated CO2) showed four over-represented GO terms 
(Table 3).  The GO term related to the most sequences (785 
sequences) was plastid (GO:0009536), which was catego-
rized into Cellular component (Ochoa de Alda et al. 2014). 
We related 588 sequences to the GO term, generation of 
precursor metabolites and energy (GO:0006091), which 
was classified into Biological processes.  In addition, 425 
sequences were linked to thylakoid (GO:0009579, Cellular 
component), and 376 sequences were related to photosyn-
thesis (GO:0015979, Biological process).  
KEGG (Kyoto encyclopedia of genes and genomes) 
pathway enrichment analysis was performed to further 
elucidate the functions of the over-represented sequences. 
The KEGG enrichment results were displayed in Table 4. 
The number of candidate transcripts enriched in a KEGG 
pathway is indicated.  Interestingly, we found that many 
enzymes such as aldolase, phosphatase, carboxylase, 
dehydrogenase, nitrophenyl phosphatase, and lactoperox-
idase were apparently involved in metabolic pathways in 
addition to C fixation and Chl metabolism.  Among them, 70 
sequences were in the pathway: carbon fixation pathway in 
the photosynthetic organisms.  Only top 17 most strongly 
represented pathways were displayed.  The details were 
shown in Appendix B.
A quantitative real-time PCR (qRT-PCR) analysis was 
used to confirm these results under identical conditions. 
Some sequences related to these four GO terms were chose 
to verify via RT-PCR.  Analysis of RT-PCR showed that 
the up-regulated genes determined by EdgeR (log2FC>0) 
were also confirmed by the RT-PCR results (2–ΔΔCT>1); for 
down-regulated genes the RT-PCR results also verify our 
statistic results (Table 5).
4. Discussion
There are two types of high yielding winter wheat: large and 
small-spike (Triticum aestivum L.), both of which are capable 
of achieving top yield.  However, both types with different 
sink-source relations or sink sizes respond differently to 
elevated CO2 in high yield conditions (Han et al. 2015).
Increasing the planting density or photosynthesis is as 
effective as traditional breeding and cultivation techniques 
for increasing productivity of large spike types of wheat in 
China.  Norin 10, as a large spike, represents one of  the 
most famous and commom high yielding varieties in the field. 
Table 3  Over-represented gene ontology (GO) terms for Norin 10 at elevated CO2
GO-ID Term Category Number of sequences
Over-/Under- 
represented
GO:0006091 Generation of precursor metabolites and energy Biological process 588 Over
GO:0009536 Plastid Cellular component 785 Over
GO:0009579 Thylakoid Cellular component 425 Over
GO:0015979 Photosynthesis Biological process 376 Over
Table 4  Statistics of pathway enrichment
Pathway
Number of candidate 
transcripts
Biosynthesis of antibiotics 129
Purine metabolism 97
Thiamine metabolism 73
Carbon fixation in photosynthetic 
organisms
70
Glycolysis/Gluconeogenesis 53
Methane metabolism 45
Pentose phosphate pathway 44
Pyruvate metabolism 36
Fructose and mannose metabolism 33
Carbon fixation pathways in prokaryotes 32
Oxidative phosphorylation 31
Porphyrin and chlorophyll metabolism 31
Glyoxylate and dicarboxylate metabolism 23
Starch and sucrose metabolism 22
Aminobenzoate degradation 21
Citrate cycle (TCA cycle) 20
Phenylpropanoid biosynthesis 17
Elevated CO2 affects gene expression in plants including 
soybean (Ainsworth et al. 2006), Arabidopsis (Li et al. 2008) 
paper birch (Soppela et al. 2010) and rice (Fukayamaa et al. 
2011).  However, the effect of elevated CO2 was observed 
under different conditions in each of the plant species.  The 
genes associated with photosynthesis were downregulated 
in most plant species.  In long term enriched CO2 conditions, 
the photosynthesis rate decreased (Sage et al. 1989; Drake 
et al. 1997).  However, in our FACE field experiment, it was 
found that the yield of Norin 10 increased with increasing 
CO2 concentration and photosynthesis rate during the years 
1999 through 2012, with underlying molecular mechanism 
unknown.
The RNA de novo assembly suite using Trinity provides 
an efficient and robust reconstruction of the transcriptome 
from RNA-Seq clean reads of the leaves of Norin 10 espe-
cially in the absence of a reference genome in 2009–2012 
(Grabherr et al. 2011).  The assembled sequences (73.06%) 
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Table 5  Expression analysis of 18 sequences via RT-PCR, compared with the statistic results of log2FC and P-value
Transcript_Id GenInfo identifier ID number GO term log2FC P-value 2
–ΔΔCT
1016AN1 gi|473887274
gb|EMS48231.1
Putative aconitate hydratase, cytoplasmic 
(Triticum urartu)
Photosynthesis,
generation of precursor 
metabolites and energy,
plastid
3.811 6.414E-07 2.744
1536EN1 gi|22204116
gb|AAM92706.1
Putative cytochrome c oxidase subunit (Triticum 
aestivum)
Thylakoid,
generation of precursor 
metabolites and energy,
plastid
–2.083 0.00244 0.644
2314EN1 gi|115447245|ref|NP_001047402.1|Os02g0610800 
(Oryza sativa Japonica group) 
>gi|47497182|dbj|BAD19229.1| putative Tab2 
protein 
(O. sativa Japonica group)
Photosynthesis,
generation of precursor 
metabolites and energy,
plastid
2.706 0.000134 1.592
2418EN1 gi|475573180
gb|EMT16671.1
NADH-ubiquinone oxidoreductase 75 kDa subunit, 
mitochondrial 
(Aegilops tauschii)
Generation of precursor 
metabolites and energy,
plastid
–2.161 0.000532 0.437
2567EN1 gi|473808483
gb|EMS46732.1
Phosphomethylpyrimidine synthase 
(T. urartu)
Plastid 2.445 0.00047 23.679
2663EN1 gi|2493543
sp|Q43206.1
CATA1_WHEATRecName: Full=Catalase-1 
(T. aestivum)
Plastid 5.800 5.47E-13 1.681
2730EN1 gi|357113872
ref|XP_003558725.1
PREDICTED: ribulose-phosphate 3-epimerase, 
chloroplastic 
(Brachypodium distachyon)
Thylakoid, plastid 2.906 3.58E-05 14.652
2938EN1 gi|300681420
emb|CBH32512.1
Sedoheptulose-1,7-bisphosphatase, chloroplast 
precursor, expressed 
(T. aestivum)
Photosynthesis, thylakoid,
generation of precursor 
metabolites and energy,
plastid
3.238 5.65E-06 4.410
3069EN1 gi|326533372
dbj|BAJ93658.1
Predicted protein, partial 
(Hordeum vulgare subsp. vulgare)
Photosynthesis,
thylakoid,
plastid
3.277 4.34E-06 3.001
3095EN1 gi|254211611
gb|ACT65562.1
70 kDa heat shock protein 
(T. aestivum)
Plastid –2.432 0.000433 0.418
3101EN1 gi|326501046|dbj|BAJ98754.1|predicted protein 
(Hordeum vulgare subsp. vulgare) 
Photosynthesis,
thylakoid,
generation of precursor 
metabolites and energy, plastid
2.476 0.000336 5.575
3338AN1 gi|71362640
gb|AAZ30062.1
Plastid glutamine synthetase isoform GS2c 
(T. aestivum)
Thylakoid,
generation of precursor 
metabolites and energy,
plastid
–16.882 1.14E-30 0.003
3361EN1 gi|675155514|ref|YP_009053884.1|NADH-
plastoquinone oxidoreductase subunit K 
(Ampelocalamus calcareus) 
Photosynthesis, thylakoid,
generation of precursor 
metabolites and energy, plastid
3.016 1.91E-05 9.215
3478AN1 gi|254211611
gb|ACT65562.1
70 kDa heat shock protein (T. aestivum)
Plastid –2.432 0.000558 0.418
3495AN1 gi|326502800|dbj|BAJ99028.1|predicted protein 
(H. vulgare subsp. vulgare) 
Generation of precursor 
metabolites and energy
–17.473 1.9E-32 0.676
3596AN1 gi|14017580
ref|NP_114267.1
Ribulose-1,5-bisphosphate carboxylase/oxygenase 
large subunit (chloroplast) (T. aestivum)
Photosynthesis,
plastid
–23.303 5.39E-50 0.984
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were annotated, and the Blast hits from databases of differ-
ent wheat species were obtained.  
A change from ambient to elevated carbon dioxide in the 
Norin 10 environment differentially influences the expres-
sion of many genes, and these changes were statistically 
significant.  We analyzed the overrepresented genes and 
discussed the four enriched GO terms focusing on the gen-
eration of the organic compound, i.e., the yield of Norin 10. 
There are 650 genes associated with the GO term “gener-
ation of precursor metabolites and energy (GO:0006091)”. 
Energy storage and organism accumulation always occur at 
the same site.  These genes are over-expressed for ENL10, 
which is consistent with the observation that the yield of 
ENL10 is greater than ANL10.
Genes associated with plastids were the most strongly 
expressed, which was consistent with the fact that genes 
related to plastids account for about 21.6% of the total se-
quences.  Plastid is a major double-membrane organelle 
found in the cells of green plants.  Based on their mor-
phology and function, plastids are commonly classified as 
chloroplasts, chromoplasts and leucoplasts.  The primary 
role of chloroplasts is to conduct photosynthesis, wherein 
the energy from sunlight is converted into the energy-storage 
molecules ATP and NADPH; chromoplasts and leucoplasts 
are used for the accumulation of starch and lipids respec-
tively.  The overrepresented GO term plastids, also, were 
correlated with the fact that the yield of Norin 10 at elevated 
CO2 increases.
The genes related to photosynthesis were also highly 
expressed, and the GO term photosynthesis was overrepre-
sented significantly.  This indicated that when Norin 10 was 
in the elevated CO2 environment, the genes associated with 
photosynthesis were up-regulated.  Correspondingly, much 
more carbon dioxide and water were possibly converted into 
organic compounds, potentially further transported into large 
developing grain, and as a result, the yield of Norin 10 in-
creased.  However, ribulose-1,5-bisphosphate carboxylase/
oxygenase large subunit (Triticum aestivum) (rbcl), denoted 
by transcript_id: 3596ANL, was down-regulated.  This result 
was the same as reported that growth at elevated CO2 may 
result in the decline in RubisCo protein (up to 60%; Sage et al. 
1989; Besford et al. 1990; Rowland-Bamford et al. 1991) 
and significant decreases in the transcript levels of genes 
encoding the small (rbcS) and large (rbcL) subunits of 
RuBisCo (Nie et al. 1995a; Van Oosten and Besfod 1995). 
The results in the FACE field experiment: Long term 
elevated CO2 condition in this experiment up-regulated the 
expression levels of most of genes/transcripts associated 
with phototsynthesis and enhanced leaf photosynthesis 
rate, despite the lower expression level of the transcripts 
of the large subunit of RuBisCo, seems to be related to the 
photosynthetic acclimation of the large spike type of cultivar, 
Norin 10.  Such wheat varieties have scope for improvement 
of grain-filling sink without feedback inhibition from sucrose 
and other metabolites inhibiting the expression of photosyn-
thesis related genes.  
Our study provided the computational evidence of gene 
expression profiles and pathways in the wheat variety with 
a large spike, Norin 10, exposed to different long-term 
carbon dioxide concentrations.  The results shown in this 
paper will help understand the adaptation mechanism at 
gene expression level of wheat grown in rapidly changing 
climates as well as design good strategies and techniques 
to ensure food supply.  Functional analysis of co-expres-
sion genes’ profiles for Norin 10 will permit the elucidation 
of the genetic regulation of the response mechanism.  The 
relatively high quality wheat reference genomes using the 
shot-gun sequencing method (Brenchley et al. 2012) and 
NRGene’s DeNovoMAGICTM software provide research-
ers in crop breeding and cultivation and climate change in 
agriculture with new exciting resources.  The future and 
on-going research using reference guide approach, will 
cross validate important gene expression and regulation, 
including transcriptome response of different wheat geno-
types in response to elevated CO2 in climate change.
5. Conclusion
By high-throughput sequencing, we successfully constructed 
the RNA library from Norin 10 leave in ambient and elevated 
CO2 environments, and obtained high-quality RNA reads. 
We assembled 24 924 transcripts and used the enrichment 
of GO terms to describe the genes up-regulated at elevated 
CO2.  Genes associated with four GO terms (generation of 
precursor metabolites and energy, plastid, thylakoid, and 
photosynthesis) for ENL10 were over-expressed, corrobo-
rating the experimental observation that the yield of ENL10 is 
greater.  Our results indicated there seemed to be the close 
relationship between most of gene expressions associated 
with photosynthesis and the yield of Norin 10.  At elevated 
CO2 (550 μmol mol
–1), some functional genes related to 
plastids, precursor metabolites and energy, thylakoids, and 
photosynthesis were apparently enriched, in contrast to that 
at ambient CO2 (400 μmol mol
–1).  The gene expression of 
Norin 10 was regulated in response to elevated CO2; thus, 
possibly increasing the rate of photosynthesis and promoting 
energy-storage and accumulation in this large spike type of 
high yielding wheat.
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